Much progress has been made in understanding the neural basis of value-based 19 decision-making using two-alternative forced-choice tasks. A limitation of these tasks 20 is that the value of each option is often confounded with other cognitive factors (e.g. 21 attention/choice probability/motor preparation). To overcome this limitation, monkeys 22
Introduction 33
Value-based decision-making involves selecting one option from many by virtue 34 of their subjective value. Two issues are of prime importance for understanding the 35 neural mechanism underlying such value-based decisions: 1) How is subjective value 36 represented in the brain? 2) What is the choice mechanism that selects the one from 37 the many? A consensus is building that regions of the frontal and parietal cortices and 38 the basal ganglia are particularly important in calculating and representing the value 39 of options and, perhaps, in choice selection 1-3 . 40
The visuo-saccadic circuit has been the primary system for studying 41 decision-making in primates. Subjective value is computed from a number of 42 determinants such as reward, probability and time delay in the orbitofrontal cortex 43 (OFC) 4-6 . The OFC represents subjective value in an absolute (or 'menu-invariant') 44 manner, meaning the value of each option does not depend on the other values in the 45 choice set 7 . In addition, the OFC does not care about the spatial location of valued 46 items. Other regions of the visuo-saccadic circuit (i.e., supplementary eye fields (SEF), 47 lateral intraparietal area (LIP)) have clearer spatial encoding and the value of each 48 option appears to be represented in a relative (or 'menu-dependent) manner that 49 depends on the value of all options under consideration [8] [9] [10] [11] . It is unclear whether 50 choice mechanisms ultimately act upon the absolute or relative representation of 51 subjective value. 52
Results

74
Previous research into the neural basis of decision-making has relied primarily 75 on two-alternative forced-choice (2AFC) tasks. These tasks, however, are confounded 76 by the fact that as the value of an option increases, the allocation of other cognitive 77 processes associated with that option also increase (e.g., choice probability, attention, 78 motor preparation). To overcome this confound and to examine neuronal mechanisms 79 underlying sequential value-based decisions, we developed a novel saccade foraging 80 task adopted from optimal foraging theory (OFT) 26 . 81
Two monkeys were trained to perform a saccade foraging task ( Fig. 1) . 82
Anecdotally, there appears to be something particularly naturalistic and/or intuitive 83 about this task as monkeys learn to efficiently forage in a single training session 84 unlike many decision tasks that can take months or even years to learn. On each trial, 85 they were presented with a rectangular array composed of visual targets of 3 86 equiluminant colors. Monkeys harvested reward by fixating on a visual target for a 87 pre-specified period of time. During each block, the fixation times required to harvest 88 the water reward associated with each color were preselected from Supplementary 89 Table 1 . Consequently, all targets of the same color were associated with a particular 90 target value [value = reward magnitude / fixation time]. Monkeys were free to fixate 91 the targets in any order they chose. Once a target was harvested of its reward, it turned 92 into an equiluminant grey color (Supplementary Video 1) . Between trials, the 93 stimulus array disappeared for 3 seconds. When the array reappeared, the locations of 94 the colored targets were shuffled but their value-color association remained intact. 95 96
Monkeys were efficient value-based foragers 97
A critical aspect of the saccade foraging task was the monkeys were choosing 98 under time pressure; that is, the target array disappeared before all targets could be 99 harvested. On average, subjects were able to harvest 79 ± 6% targets. According to 100 OFT 26 , when faced with such abundant prey items and time pressure, foragers should 101 preferentially choose the highest valued available targets. Indeed, monkeys tended to 102 choose scan-paths through the array in order of descending value ( Fig. 2a;  103 Supplementary Video 1). At the beginning of a block, monkeys often did not choose 104 according to the OFT because they had not yet learned the association between target 105 color and value ( Fig. 2b ; before dashed line). Learning tended to occur gradually over 106 trials. But once the association between value and target color was established (i.e., 107 'time of behavioral acquisition' - Fig. 2b ; after dashed line), it tended to remain stable 108 for the remainder of the block. This pattern of behavior was not simply due to an 109 idiosyncratic preference for a particular color because choice preference changed as 110 the association between color and value varied between experimental sessions or, 111 occasionally without warning, within an experimental session ( Fig. 2c) . 112
As monkeys learned to choose targets in descending order of value, their 113 efficiency at harvesting water also increased ( Fig. 2d) . We defined the efficiency as 114 the value of each chosen target divided by the highest value that was available within 115 the array at that time. Across experimental sessions, monkeys' efficiency after 116 behavioral acquisition was better than chance ( Fig. 2e ; paired-t test, P = 7.3 × 10 -27 ). 117
Once behavioral acquisition was reached, the value rankings tended to remain stable 118 thereafter ( Fig. 2e -filled data points). The sessions with unstable value preferences 119 ( Fig.2e -unfilled dots, see Methods) and the five sessions during which efficiency 120 was significantly lower than chance ( Fig. 2e -grey dots) were excluded from further 121 analyses. Average efficiency of the remaining sessions was 0.96 ± 0.03. All 122 subsequent analyses were performed only on those trials after time to behavioral 123 acquisition was reached (see Methods). 124
According to OFT, monkeys should harvest prey items based on the relative 125 value of all available prey items; therefore, once a certain class of prey items is fully 126 harvested, preferences should change accordingly. Indeed, monkeys preferentially 127
We recorded 96 single neurons in the intermediate and deeper layers of the SC 135 from two monkeys during the saccade foraging task. In total, 53 neurons satisfied our 136 neurophysiological criteria while the monkeys' performance simultaneously satisfied 137 our behavioral criteria to be included in the following analyses (see Methods and Fig.  138 2e). 139 SC activities were correlated with value ranking of targets in the neuronal 140 response fields (RF; Fig. 3a) . To be clear, the order in which the foveae harvested 141 targets provided us with a behavioral measure of the subjective value ranking of the 142 colored targets (Fig.2) , however, each recorded SC neuron analyzed a target adjacent 143 to the current foveae location and in its RF (see gray shading in Supplementary 144 Video 1). Whereas the foveae harvested targets in a fairly strict descending order of 145 their value, the targets that entered the neuron's RF was fairly random. Within each 146 menu, the neuronal activity increased as the value of the target in the RF increased 147 ( Fig. 3a) . Moreover, if a previously harvested grey target entered the RF, this elicited 148 the least SC activity. The latter may represent the baseline sensory activation because 149 these harvested targets had no value and were virtually never the target for a saccade. 150
However, neuronal activity was not only modulated by value in the RF, but was also 151 highly predictive of choice. Neuronal activity leading up to choices directed towards 152 the RF target ( Fig. 3b ; Choice-in) were significantly stronger than that preceding a 153 choice to targets outside the RF (Fig. 3b ; Choice-out). 154
This analysissimilar to those used in most 2AFC tasksis difficult to interpret 155 because monkeys are more likely to choose high valued targets (see Fig. 2f ); thus, 156 value and choice encoding cannot be disentangled. A major advantage of our saccade 157 foraging task is that there are many potential targets that share the same value but are 158 not necessarily the target of next choice which allows us to dissociate the contribution 159 of each to neuronal activity. 160
After the variables were isolated from each other, SC activity still remained 161 correlated with both target value in, and upcoming choice towards, the RF (Fig. 4a) ; 162 although each displayed a different time course. Multiple linear regression analyses 163 showed the value signal began to significantly increase approximately 300ms before 164 the target was even fixated (i.e., Fig. 4b ; horizontal black lines) and peaked within 165 200 ms of a new target entering the response field. Perhaps this pre-fixation activity 166 represented predictive 'remapping' of value signals akin to the sensory remapping 167 that occurs when saccades will bring visual stimuli into SC response fields 27,28 . In 168 contrast, the choice signal increased significantly only after the fixation period began 169 ( Fig. 4b ; horizontal gray lines). Overall, there was a 'value-to-choice' transformation 170 such that value signals were dominant early during a new fixation and choice signals 171 became dominant as the fixation period progressed (Fig. 4b) . We will describe this 172 transformation in detail below. 173 174
The Evolution of SC Value and Choice Signals 175
Slightly before and during fixation of a new target, neuronal activity primarily 176 reflected the value ranking of the target in its RF. Immediately upon establishing 177 fixation, however, the choice signal quickly began to ramp up ( Fig. 4b) . As the 178 fixation period progressed, there was a marked differentiation in SC activity based on 179 whether the monkey would ultimately look to the RF target or elsewhere. 180
A stable, common level of activity was reached in the SC if the monkey would 181 ultimately choose the RF target regardless of its value ( Fig. 4a ; clearer in Fig. 5a ). 182
Within each given menu, the choice-in neuronal activity of each value ranking 183 reached a common level during the late fixation period ( Fig.5b ; n-way ANOVA test, 184 effect of value, F 2, 250 = 0.31, P = 0.73). We named this common choice-in level of 185 activity the 'selection level' that, as will be evidenced below, represents provisional 186 choice. Consistent with this proposal, both multiple linear regression ( Fig. 4b) and 187 signal detection ( Fig. 4c ) analyses showed that choice signals build up and reach a 188 plateau shortly after a new target is fixated. Moreover, behavioral results show that, 189 within a given menu, choice-in saccade latencies were the same regardless of the 190 value of the saccade targets ( Fig. 5c ; n-way ANOVA test, effect of value, F 2,258 = 0.01, 191 P = 0.99). This is consistent with a neural signal that starts for a common level 192 ramping up to a saccade bound. 193
Conversely, if the RF target was not selected for the subsequent saccade, SC 194 activity remained strongly correlated with its value ( Fig. 5a; Fig. 5d ; n-way ANOVA 195 test, effect of value, F 3, 449 = 174.93, P = 4.1 × 10 -75 ; note all the significant 196 comparisons between values shown in Fig. 5d ). 197 198
Menu updating of the selection level 199
To understand how decision circuits accommodate menu changes, we compared 200 SC activity across menus ( Fig. 5a) . Although the selection level remained constant 201 within a menu regardless of the value of the chosen target, it systematically decreased 202 across menus ( Fig. 5b ; n-way ANOVA test, effect of menu, F 2, 250 = 16.86, P = 1.4 × 203 10 -7 ). This decreasing selection level was not the result of harvesting individual 204 targets ( Supplementary Fig. 1a ; paired-t test; 3-values, P = 0.083; 2-values, P = 0.72; 205 1-value, P = 0.067) but occurred during the transition between menus after entire 206 value classes were harvested. Nor can it be explained by changes of the value of 207 fixated targets rather than RF targets ( Supplementary Fig. 1b ; 3-values, one-way 208 ANOVA, F 2, 99 = 0.85, P =0.43; 2-values, paired-t test, P = 0.097). These 209 menu-dependent changes in the selection level were reflected in the saccade latency 210 ( Fig. 5c ; n-way ANOVA test, effect of menu, F 2, 258 = 23.8, P = 3.3 × 10 -10 ). As the 211 selection level decreased with fewer menu items, it presumably got further from the 212 hard saccade threshold in the SC 14,29 resulting in saccade latency that increased as the 213 menu items decreased from three to two to one. Together, this suggests that the 214 activity level that constitutes preliminary choice selection is dynamically updated 215 across the SC map with changes in menu items. 216 217
Menu updating of value coding 218
Across menus, the value signal differed during the early versus late fixation 219 period. During late fixation, the choice-out activity of each value ranking remained 220 unchanged across menus ( Fig. 5d ; n-way ANOVA test, effect of menu, F 2,449 = 0.27, 221 P = 0.76). In contrast, the initial visual response after fixating a new item was 222 menu-variant with respect to value ( Fig. 4a ; clearer in Supplementary Fig. 2) . 223
During early fixation, the choice-in activity of valued targets ( Supplementary Fig. 2a ; 224 2nd rank, 3-values versus 2-values, paired-t test, P = 0.0012) and choice-out activity 225 of valued targets ( Supplementary Fig. 2b ; 2 nd rank, 3-values versus 2-values, 226 paired-t test, P = 4.0 × 10 -9 ; 3 rd rank, one-way ANOVA tests, F 2,142 = 18.29, P = 8.5 × 227 10 -8 , post hoc tests, 1-value versus 3-values, P = 7.8 × 10 -7 , or 2-values, P = 1.1 × 10 -6 ) 228 scaled according to the other options available in the menu. 229 230
Balanced activity between selected and unselected options 231
An upshot of having a menu-variant selection level but menu-invariant value 232
representations is that choice selectivity remained remarkably consistent under all 233 conditions. When we performed signal detection analyses for the selected target 234 versus the highest available non-selected representation on the SC map, the neuronal 235 selectivity remained approximately 55% during the steady-state late fixation period 236 ( Fig. 6a) . This 55% neuronal selectivity remained unchanged regardless of the value 237 of the chosen target or the composition of the targets in the menu (Fig. 6b) . This 238 result suggests that there may be an inherent equilibrium achieved between the 239 activations for the selected and non-selected targets representing provisional choice 240 that can be maintained for extended periods on the SC map. 241 242
Manipulating SC activity biased choice in a manner predicted by SC recordings 243
Previous research suggests that action selection could happen through the 244 competition of multiple movement plans in the premotor regions 2,13 . As both the 245 selection level and the value-modulated activities of unselected targets were 246
represented simultaneously on the SC maps, we hypothesized that a competitive 247 action selection process happened during the late fixation period. We tested this 248 hypothesis by perturbing activity in the late fixation period with electrical 249 micro-stimulation in an attempt to bias choice patterns. More specifically, we 250 hypothesize that the efficacy with which micro-stimulation biases choice is a function 251 of the neuronal distance between the value activity associated with the target at the 252 stimulation site and the menu-dependent 'selection level' (i.e., the distance between 253 the relevant dashed line and solid lines in Fig. 5a ). 254
Our goal was to bias competing selection processes on the SC map without 255 directly triggering a saccade itself, so we used sub-threshold electrical 256 micro-stimulation to increase SC activity 18 . Two lines of evidence suggest that 257 micro-stimulation was sub-threshold. First, we only included experiments if no 258 saccades were triggered during the micro-stimulation period ( Supplementary Fig. 3a ; 259 bottom panel grey box). Second, we did not observe any difference in saccade latency 260 between stimulation and control conditions both in the example block 261 ( Supplementary Fig. 3b ; Wilcoxon rank sum test, P = 0.60) and across the 262 population of stimulation sites ( Supplementary Fig. 3c ; choice-in, paired-t test, P = 263 0.34; choice-out, paired-t test, P = 0.25). 264
Next we assessed whether this sub-threshold, micro-stimulation could affect 265 choice. The proportion of choices directed towards the stimulation site increased 266 significantly after stimulation compared to the non-stimulation control condition 267
(paired-t test, P = 1.5 × 10 -12 ; not shown). However, micro-stimulation did not bias 268 choices towards all targets equally. Micro-stimulation biased choices predominantly 269 when there were high value targets at the stimulation site ( Fig. 7) . When there were 3 270 values in the menu, micro-stimulation significantly biased choices towards highest 271 valued targets (mean = 0.104 ± 0.013, paired-t test, P = 4.3 × 10 -11 ), less so to middle 272 ranking targets (mean = 0.053 ± 0.009, paired-t test, P = 1.7 × 10 -7 ), and not at all to 273 lowest valued targets (mean = 0.000 ± 0.002, paired-t test, P = 0.9). Once the highest 274 valued targets were all harvested, the 2 nd ranked targets became the most valuable, 275 and micro-stimulation exerted a stronger biasing effect towards them than when there 276 were 3 menu items remaining (mean = 0.083 ± 0.014, paired-t test, P = 1.2 × 10 -7 ). 277
Only when there was 1-value remaining in the menu did micro-stimulation exert a 278 significant biasing effect towards the target at the stimulation site (mean = 0.105 ± 279 0.027, paired-t test, P = 2.5 × 10 -4 ). Therefore, the overall biasing effect of 280 micro-stimulation on choice was both value-and menu-dependent ( Fig. 7b ; n-way 281 ANOVA; effect of value, F 2, 427 = 19.6, P = 7.2 × 10 -9 ; effect of menu, F 2, 427 = 17.2, P 282 = 6.7 × 10 -8 ) and mirrored very closely the value-and menu-dependent pattern of 283 behavioral choice ( Fig. 2f ) and SC activities ( Fig. 5a ). Together these results suggest 284 SC mechanisms are involved in the action selection process of value-based 285 decision-making. 286 287
Discussion
288
We employed a novel foraging task to examine the role of the primate SC in 289 choosing value-based saccades. Multiple targets sharing the same value and the 290 numerous successive choices afforded by this task allowed us to examine neural 291 processing both when value was dissociated from choice and when changes occurred 292 in the menu of value items. Monkeys performed this task at a near optimal level as 293 predicted by optimal foraging theory ( Fig. 2) . At the neuronal level, we observed a 294 transformation from value-to-choice in SC processing ( Fig. 4) and choices were 295 altered using sub-threshold, electrical micro-stimulation ( Fig. 7) . These findings 296 suggest that the SC is an active participant in value-based saccadic decision-making. 297
Three additional novel -and somewhat surprising -findings were observed. First, 298 value was represented in an absolute or menu-invariant manner across the SC map 299 interrupted only briefly by relative value representations (Fig. 8a) . Second, activation 300 at one location on the SC map was elevated to a common 'selection level' that 301 predicted upcoming choice regardless of its associated value ( Fig. 8b) . Third, this 302 common selection level was menu-dependent decreasing as classes of menu items 303 were removed from the choice array ( Fig. 8c) . We will illustrate each of these novel 304 findings in turn using the schematic model shown in Figure 8 . 305 306
Both absolute and relative value representations in the SC 307
There has always been a mystery surrounding how value is represented in the 308 brain at the most fundamental level. On one hand, convincing evidence suggests that 309 value is represented in a menu-invariant or absolute manner in the OFC albeit in a 310 highly non-spatialized manner 7 . On the other hand, equally convincing evidence 311 suggests that value is represented in a menu-dependent or relative manner in more 312 spatially organized visuo-saccadic regions like LIP 8-10 . Here we demonstrate that as 313 you approach the end of the saccadic decision pathway in the SC, value dynamically 314 alternates between absolute and relative representations. 315
A menu-invariant, absolute representation of value dominated the SC map in our 316 experiment. In fact, except for a few hundred milliseconds surrounding each new 317 fixation (see below), it was absolute value that was represented through the duration 318 of a multiple-hour experiment. Unlike absolute value representations observed 319 previously in OFC, however, this SC representation was spatially organized across a 320 topographic map in a manner more appropriate for driving motor action. Figure 8a  321 shows the late fixation period activation associated with items of different value. This 322 activation was menu-invariant because it remained the same for each value item 323 regardless of the number of menu items available (Fig. 5) . Ultimately, 324 decision-making models require a comparison between absolute values because we 325 often need to compare items across menus and absolute value ensure preference is 326 transitive (i.e., if one prefers A >B, and B>C, this implies A>C) 5,30,31 , which is a 327 hallmark of rational choice behavior 32 . 328
However, like other visuo-saccadic brain regions, we also observed relative value 329 signals in the SC but only during the initial visual transient surrounding a new target 330 landing in the RF (Supplementary Fig. 2 ). It has been proposed that relative value 331 signals may function to normalize neural activity to rescale absolute value such that 332 differences between available options are maximized leading up to choice 2 . Indeed, it 333 appeared that it was during this transient relative value period that the decision was 334 made because this is when value was transformed into choice and subsequently 335 maintained at a relatively steady-state selection level (Fig. 4) . The menu-modulated 336 visual transient may also perform a function related to attention or saliency associated 337 with the target that has recently entered the neuron's response field [33] [34] [35] . 338 339
The selection level represents provisional choice 340
Our second major finding is that activity associated with the target for the next 341 saccade reached a heightened selection level (Fig. 8b) . Any selected target reached 342 the same level of activation regardless of the value of the item. Furthermore, this 343 selection level was maintained at a steady state until the cue for a movement acted to 344 trigger the subsequent motor burst. Although one target was selected with heightened 345 activity, the non-selected options maintained their absolute value representations 346 across the SC map. 347
We believe that the selection level represents a provisional decision that was held 348 until the proper time of motor execution arrived. We use the term "provisional" 349 because when artificial stimulation was applied to the SC after the selection level was 350 established, choice probability could still be altered (Fig. 7) . Therefore, our results 351 suggest the selection level represents the current provisional decision but the ultimate 352 action does not occur until the putative 'hard' bound is crossed in the SC 14,29 (e.g., Fig.  353 4 -'sac' period). In our task, the relationship between target color and value was 354 fixed throughout. If, however, value information could change during the fixation 355 period, the target for the next saccade presumably could still be altered. Similarly, a 356 relatively common level of activation has been observed in perceptual decision tasks 357 when a selected option must be held for a fixed duration before execution regardless 358 of the strength of evidence for that option 22,36 . This suggests that the selection level 359 may represent provisional choice across a wide range of decision tasks. 360 361
The selection level changes across menus 362
Our third finding is that the selection level systematically decreased with fewer 363 menu items ( Fig. 8c ; see decreasing dashed line across menus). This was not simply a 364 matter of fewer available targets but occurred abruptly once an entire class of value 365 items was fully harvested (Supplementary Fig. 1a) . The upshot of this dynamic 366 selection level was that the "distance" between the selection level and the presumably 367 fixed saccade threshold also varied across menus. This variability in neural distance 368 across menus accurately predicted subsequent saccadic reaction times ( Fig. 5c) and 369 the ability of micro-stimulation to bias choice towards the stimulation site target (Fig.  370   7) . Moreover, the distance between the selection level and the next highest available 371 item on the SC map remained remarkably consistent across conditions as evidenced 372 by constant neuronal selectivity (Fig. 6) . Once the selection level has been established, the pattern of activities across the 383 SC closely follows that proposed by action value models 2 . Action value models 384
propose that decisions are made through the competition of movement plans. Indeed, 385 our results satisfy the criteria outlined by Padoa-Schioppa for an action value signal to 386 be involved in economic decisions 5 . First, activity must be motor in nature. Second, 387 activity must be modulated by subjective value. Third, activity must not be 388 downstream of the decision. The SC is undoubtedly motor in nature 14 , we demonstrate 389 that SC activity is strongly modulated by value ( Fig. 4) and, to our knowledge, our 390 demonstration that choice can be biased using sub-threshold micro-stimulation ( Fig. 7 ) 391
is the first to satisfy the third criteria. The spatial organization and competitive 392 interactions across the SC map make it ideally suited to enact a winner-take-all 393 mechanism to rapidly take the provisionally selected target to the final motor action 394 once the movement cue is given 43, 44 . 395
Given the ample evidence to show that a goods-based value mechanism is 396 employed in the OFC, we surmise that this provides the inputs for the absolute value 397 signals observed in the SC topographic map. However, given the topographic 398 mapping, close relationship with the motor plant, competitive interactions between 399 population activities across the SC, and causal stimulation evidence presented above, 400
we propose that it is an action value mechanism that selects the one from the many 401 and executes the final choice. Of course, here subjects are making saccadic 402 movements to targets located in a stable array. Under conditions in which the spatial 403 location of valued items or the effector needed to acquire them is less explicit 45that 404 is, more abstract decisionspresumably a goods-based neural mechanism would 405 dominate. Tungsten microelectrodes (FHC Inc.) were lowered with a Microdrive (NAN 428 Instruments) through 23 gauges, 42 mm long stainless steel guide tubes (with 10 mm 429 spacer) attached to a Crist grid (Crist Instruments Co., Inc.). Single-cell discharges 430 were sampled at 22 kHz using the AlphaLab SnR System and subsequently offline 431 sorted using Spike 2 (CED, Cambridge Electronic Design Limited). 432 433
Behavioral tasks 434
Monkeys performed two behavioral tasks. The delayed saccade task was used to 435 characterize neuronal properties and map their response fields (RF). The saccade 436
foraging task was used to correlate neuronal activities to value and choice. Separately, 437
we applied stimulation during the saccade foraging task to determine how perturbing 438 SC activity would alter foraging choices. 439
440
Delayed saccade task and response field identification 441
The delayed saccade task was performed before the saccade foraging task in both 442 neuronal recording and micro-stimulation blocks 47 . Trials started when a fixation point 443 appeared at the center of the screen. After monkeys acquired and fixated the fixation 444 point for 1000 ms, a single target point appeared in the periphery for a random delay 445 period (600-800 ms). At the end of the delay period, the fixation point disappeared 446 which cued the monkey to initiate a saccade towards the peripheral target. Monkeys 447 received a liquid reward if they initiated a saccade within 1000 ms and maintained 448 fixation within 3 degrees of the target and held it for 300 ms. Both the fixation point and 449 target stimulus shared the same luminance and size (4.20 cd/ m 2 luminance, 0.5º visual 450 radius) as targets in the saccade foraging task. 451
The center of an isolated single neuron's (recording experiments) or multi-units' 452
(stimulation experiments) RF was defined as the location relative to central fixation 453 that was associated with the most vigorous activity following target appearance and 454 during target-directed saccade in the delayed saccade task. For stimulation experiments, 455
we also used supra-threshold stimulation to verify that the stimulation-induced vector 456 and recorded RF vector displayed close correspondence. Our experiments focused on 457
SCi sites with smaller saccade vectors ranging from 3-13º to allow an array of targets to 458 fit on the screen during the saccade foraging task. 459 460
Saccade foraging task 461
In the saccade foraging task (Fig.1) , each trial began with the display of a grid 462 array of circular stimuli on the screen in front of the subject. The grid was rotated, 463 scaled and the number of targets adjusted (3×3, 4×3, or 4×4) such that when fixating a 464 target, a nearby target would be located in the center of the neuron's RF (except, of 465 course, when fixating the outermost contralateral column). All visual targets were 466 identical in terms of luminance and size (4.20 cd/ m 2 luminance, 0.5º visual radius), but 467 could either be red, green or blue. During each trial, target colors were represented in 468 equal proportions, but their locations on the grid were randomly shuffled between trials. 469
Throughout a block of trials, visual targets that shared the same color were associated 470 with the same value as defined by reward magnitude divided by fixation time (value = 471 reward magnitude / fixation time; see Supplementary Table 1 ). That is, monkeys 472 harvested a specified volume of liquid reward associated with a colored target by 473 fixating it for a particular duration. Once harvested, the target's color turned into an 474 equiluminant grey and could not be harvested again during that trial. Prior to each block, 475 both reward magnitudes and fixation times were selected randomly with replacement 476 while excluding identical combinations. Monkeys were free to harvest targets in any 477 order they chose. However, we adjusted trial durations such that there was not enough 478 time to harvest all targets. On average, 79 ± 6% of the targets were harvested. 479
In contrast to the recording experiments, only two value associations were used in 480 the stimulation saccade foraging task: the similar-value condition and the 481 different-value condition. Under the similar-value condition, reward magnitude (μL) / 482 fixation time (s) associations were 30:1, 45:1.5, and 60:2, such that the three colors 483 shared the same objective value of 30 μL/s. Under the different-value condition, reward 484 magnitude (μL) / fixation time (s) associations were 20:2, 40:1.5, and 60:1, such that 485 the values associated with the 3 colors were 10, 27, and 60 μL/s, respectively. The 486 results from both value conditions were consistent, therefore we analyzed them 487 together. 488 489
Behavioral analysis 490
Rank value 491
The rank value quantified the relative preference for each color using the order in 492 which each target was chosen (e.g., Fig. 2b and c) . Importantly, this measure does not 493 provide an exact measure of the subjective value of each color but it does provide an 494 ordinal rank value for each color. This measure is derived from the nonparametric 495
Kruskal-Wallis test 48 . The first chosen target in a given trial was given a score of N, 496
where N is the total number of targets initially presented in the grid. The next chosen 497 target was given a score of N-1 and scores decreased by 1 each time until the last 498 choice: 499
Where S is the score of the ith chosen target. 500
All targets that were not selected by the end of the trial were given equal scores 501 that was the mean of the scores that they jointly occupy: 502
Where n is the number of targets harvested, S > is the score of each target that 504 was not selected by the end of the trial and j is each of the remaining scores. 505
The rank value (RV) is the summed score of that color (∑ ) normalized by 506 dividing by the summed score of all colors. Because the number of targets cannot be 507 equally divided amongst the 3 colors in the 16-target conditions, we adjusted the 508 equation by dividing the summed score of each color (∑ ) by the number of targets of 509 that color (N C ). 510
Where C is one of the colors R, G, or B, and S represents the score of each target 512 that features the color C. 513
Sliding average of over five trials was used to reduce the trial-by-trial 514 variability. The value ranking was ordered by the average in a block. 515 516
Time to behavioral acquisition 517
To quantify when the subjects learned the color-value associations, we did 518 pairwise comparison between the rank values across the three colors within a moving 519 5-trial window with 1-trial steps (Kolmogorov-Smirnov Test). Time to behavioral 520 acquisition was the trial when the RV C was significantly separated in order of value 521 ranking of the block, and remained so for at least 5 consecutive trials (e.g., Fig. 2b-e) . 522 523 Efficiency 524
We defined the efficiency, of each choice (e.g., Fig. 2d and e ) as the value 525 associated with that choice, , divided by the highest available value present at the 526 time that the choice was made, : 527 = The foraging efficiency associated with each trial was defined as the sum of the 528 efficiencies of all the choices made in that trial, divided by the number of chosen targets 529 or, in other words, the average efficiency of the trial: 530
Where denotes the foraging efficiency of the trial, denotes the 531 efficiency of the ith choice, and n denotes the number of choices made in the trial. 532
To examine if subjects' efficiency was significantly higher than random choices, 533
for each block the chance efficiency was computed by simulating a random selection 534 process over 5000 iterations. Only blocks with significantly higher efficiency than 535 chance efficiency were included in subsequent analyses. Trials before behavioral 536 acquisition were not included in the population efficiency calculation. 537 538
Behavioral criteria 539
Data sets had to satisfy three behavioral criteria to be included in further analyses. 540 1) Only trials after behavioral acquisition were analyzed. 541
2) Only trials in which both the order of single-trial RV C and sliding RV C were 542 consistent with the overall value ranking of the block were included in subsequent 543 analyses. However, entire blocks were removed from analysis if there were more than 544 25% inconsistent trials within a block (i.e., unstable blocks). One exception to this rule 545 occurred during some similar-value, stimulation blocks when preferences occasionally 546 switched for extended periods (at least 10 trials). Analyses followed these extended 547 preferences rather than average value preferences across the block. 548
3) Lastly, total useable trials within a block must exceed 50 for recording blocks 549 and 100 for stimulation blocks. 550
Based on these criteria, 70 of the 96 blocks in recording experiments met the 551 behavioral criteria and 72 of the 78 stimulation experiments met the behavioral criteria 552 and were used in subsequent analyses. 553 554
Neuronal analysis 555
We recorded 96 neurons in the intermediate and deeper layer of SC. For the 556 saccade foraging task, the peri-stimulus time histograms (bin width 30 ms, 15 ms steps) 557
were aligned on the beginning of fixation, reward delivery and saccade onset. Each 558 neuron's activity was normalized by the average neuronal responses during the last 300 559 ms of fixation period (300 ms before reward delivery) when a valued target was in the 560 RF. We divided neuronal activities by the normalization factor to get the normalized 561 response for each neuron. If the normalization factor was less than 5 spikes/s, the 562 neuron was defined as unmodulated by the task and would be excluded from remaining 563 analyses. Based on the behavioral exclusion criteria described above in addition to the 564 normalization criteria, a total of 53 single neurons (monkey D, 24; monkey R, 29) were 565 included in our recording analyses. 566 567
Multiple linear regression analysis 568
We generated a general multiple linear regression model to assess the contribution 569 of value and choice direction on the neuronal responses. Only the first and second value 570 rankings were used in the menu of 3-values remaining condition because monkeys 571 rarely chose the 3 rd value ranking targets. When only 3rd value ranking targets 572 remained, all the targets were associated with the same value, therefore only the factor 573 of choice direction was used. 574
We used the following regression model to fit the neuronal responses: 575
Where FR represents the firing rate, Value is the value ranking (either 1 or 0 577
representing the higher or lower value ranking, respectively) and Choice is the direction 578 of the next saccade (either 1 or 0 depending on whether the next saccade was directed 579 into or out of the response field, respectively). As these factors are in the same range (0 580 to 1), it allows us to compare directly the values of the fit coefficients (b1 and b2) and 581 determine their impact on FR. 582
Statistical significance was determined with a t test with a false discovery rate 583 (FDR) correction 49 . 584
Receiver-operating characteristic (ROC) analysis 585
ROC analysis was used at each time point to investigate how the decision process 586 evolved for each value ranking 50,51 . ROC curves were derived from the distributions of 587 choice-in activities and choice-out activities of the same value ranking within a given 588 menu (Fig. 4c) . 589
Electrical stimulation experiments 591
The parameters for electrical stimulation were determined using the delayed 592 saccade task. Clear delay-period multi-unit activity must be detected before stimulation 593 to ensure stimulation sites were comparable to recording sites. To find the stimulation 594 threshold, 0.25 ms biphasic currents (10 ms duration, 300 Hz) were applied during the 595 delay period and systematically reduced from 30 μA until only hypometric saccades 596 could be triggered. We set this intensity as the threshold intensity (R, average 13.6 μA; 597 D, average 19.3 μA). During the stimulation saccade foraging task, we increased the 598 stimulation duration to 300 ms and decreased the frequency to 150 Hz. The 4 × 4 array was composed of targets of 3 colors. Each target color was associated 747
with a particular value determined by its water reward magnitude divided by the 748 fixation time required to harvest this reward. When monkeys fixated a target for the 749 pre-specified time, the color would turn into an equiluminant grey and corresponding 750 reward was delivered, cueing the move to another target. In this example block, the 751 rank of target values descended from green to blue to red. In successive trials, the 752 association between color and value remained constant but the location of the colored 753 targets within the array was randomized. The array size and orientation was tailored 754 such that when the monkey was fixating a target (white cross), an adjacent target was 755 positioned in the center of the pre-mapped response field (RF) of the isolated SC 756 neuron (white dashed circle). The white arrows illustrate how the fovea and RF move 757 in tandem as monkeys forage targets in the array (More detail in Supplementary  758 Video 1). In a small number of experiments, larger response field eccentricities 759 necessitated smaller 3 × 4 or 3 × 3 target arrays to fit on the visual display. (b) 760
Examples of different menus. As monkeys tended to harvest targets in descending 761 order of their value, the menu of items went from 3-values remaining (top), to 762
2-values remaining (middle) and finally 1-value remaining (bottom). harvested targets. The start and end of the trial is denoted with triangle and asterisk, 769
respectively. In some instances, such as the fixation between eye position 12 and 13, 770
the monkey did not hold fixation long enough to successfully harvest the target. These 771
instances were not included in subsequent analyses. The colored numbers in the 772 legend correspond with the value of the associated target colors. This particular 773 trial/experiment is denoted by larger data points in subsequent panels. (b) Calculating 774 the rank value of target colors. Each dot represents the value based on the order in 775 which a particular class of colored targets was selected within a given trial. green will indicate the number 1, 2 and 3 value rankings, respectively, throughout the 794 remainder of the paper.) Normalized neuronal activity was segregated based on the value of the target in the 809 response field (line color) and whether a saccade was ultimately directed to the 810 response field target (solid lines) or a target outside the response field (dashed lines). 811
Otherwise, the same format as Fig. 3. (b characteristic analyses were done between activities associated with choices toward 819 the response field target versus targets outside the response field that shared the same 820 value. All shaded regions represent SEM. as Fig. 2a ). The white dot represents foveal eye position. The gray circle denotes the 905 location and approximate size of the SC neuronal response field that is represented in 906 retinotopic coordinates and consequentially moves in concert with the eye. The 907 auditory beeps represent the timing and duration of liquid reward delivery. The timing 908 of neuronal spikes is represented by the white raster and associated auditory tick. The 909 duration of fixation and mean firing rate associated with different colored targets in 910 the neuron's response field are denoted by the vertical and horizontal colored bars at 911 the bottom, respectively. 912
